Aspergillus fumigatus is an opportunistic fungal pathogen responsible for invasive aspergillosis in immunocompromised individuals. The inefficiency of antifungal agents and high mortality rate resulting from invasive aspergillosis remain major clinical concerns. Recently, we reported on a new family of ultrashort cationic lipopeptides active in vitro against fungi. Mode of action studies supported a membranolytic or a detergent-like effect. Here, we screened several lipopeptides in vitro for their anti-A. fumigatus activity. To investigate the therapeutic properties of the selected peptides in vivo, we challenged immunosuppressed C57BL/6 wild-type mice intranasally with DsRed-labeled A. fumigatus conidia and subsequently treated the animals locally with the lipopeptides. Confocal microscopic analysis revealed the degradation of DsRed-labeled hyphal forms and residual conidia in the lungs of the mice. The most efficient peptide was tested further using a survival assay and was found to significantly prolong the life of the treated animals, whereas no mice survived with the current standard antifungal treatment with amphotericin B. Moreover, as opposed to the drug-treated lungs, the peptide-treated lungs did not display any toxicity of the peptide. Our results highlight the potential of this family of lipopeptides for the treatment of pulmonary invasive aspergillosis.
Aspergillus fumigatus is a respiratory pathogen usually acquired through the inhalation of conidia reaching the small airways and the alveolar spaces. Both mucociliary clearance and phagocytic defense prevent disease development in immunocompetent individuals (24) . Macrophages (M⌽) ingest and kill resting conidia mainly through nonoxidative mechanisms, while neutrophils use oxygen-dependent mechanisms to attack hyphae germinating from conidia that escape M⌽ surveillance (1, 8, 14) . Pulmonary dendritic cells (DC) were reported to play a role in conidium/hypha internalization, transportation to the draining lymph nodes, and induction of local and peripheral Th cell reactivity to the fungus (3) . The absence of these protective mechanisms in immunocompromised individuals allows conidia to germinate and invade the lung tissue (7) . Invasive aspergillosis (IA) has become an increasing cause of morbidity and mortality in patients with AIDS or those undergoing allogeneic bone marrow transplantation, as well as intensive chemotherapy (1, 18, 19, 29, 31) . Although newer drugs with activity against IA have reached the commercial market (4, 10) , amphotericin B deoxycholate (D-AMB) is still used extensively for severe cases of IA (26) . However, the reported toxicity of D-AMB remains a major concern (33) . To reduce toxicity and increase dose delivery, AMB lipid formulations have been developed recently, such as liposomal AMB (L-AMB [AmBisome]) and AMB lipid complex (Abelcet) (2, 15, 30, 32) . Corresponding preclinical studies revealed an increased antifungal activity. However, this activity correlated with increased drug levels in the tissues of mouse models of invasive fungal infection (6) , which were toxic at doses within a limited range (5) . Both drugs injected intravenously (12 mg/kg of body weight) were effective for prolonging survival, and the reduced nephrotoxicity observed with L-AMB allowed the therapeutic index to be increased (20) . Using lipid formulations of AMB thus improved IA treatment. Nevertheless, the poor aqueous solubility and the toxicity toward host tissue remain unsolved issues. In addition, inhalation of aerosolized AMB is not well tolerated and is inefficient in preventing invasive pulmonary aspergillosis (IPA) in immunocompromised patients (9, 25) . In this study, we selected an immunosuppressed murine model of pulmonary aspergillosis with which to investigate the effects of a new family of ultrashort antifungal lipopeptides on therapeutic efficacy. This family of de novo designed synthetic lipopeptides is composed of only four L and D amino acids linked to fatty acids that have a potent, broad spectrum of in vitro antimicrobial activity against humanpathogenic yeast, fungi, and bacteria. The sequence of the peptidic moiety and the length of the fatty acyl group determine the specificities of the lipopeptides against bacteria, fungi, and mammalian cells. Studies of their plausible modes of action support a membranolytic or detergent-like effect, probably via the carpet mechanism, that should make it difficult for the microorganisms to develop resistance (16) . We found that one of the ultrashort lipopeptides exerts specific antifungal activity toward pathogenic A. fumigatus fungi in vivo and increases the life rate and survival of IPA model mice with low toxicity effects and no damage to the treated lung tissues.
MATERIALS AND METHODS
Mice. This study involved the use of 8-week-old wild-type (WT) C57BL/6 and C57BL/6 CX 3 CR1
GFP mice harboring a targeted replacement of the Cx 3 cr1 gene with a green fluorescent protein (GFP) reporter (12) . All mice were maintained under specific-pathogen-free conditions and handled under protocols approved by the Weizmann Institute animal care committee according to international guidelines. Fungal strains. The A. fumigatus CBS 144.89 strain was a clinical isolate. These conidia were transformed by electroporation with the plasmids pAN7-1 and pPgpd-DsRed, harboring a hygB resistance gene and a DsRed gene, respectively (28) . Resting DsRed conidia were harvested by washing a 4-day-old culture with phosphate-buffered saline (PBS) supplemented with 0.1% Tween 20 (PBST) (Sigma-Aldrich). The suspension was filtered through a 40-m cell strainer (Falcon) to separate DsRed conidia from contaminating mycelium and stored at 4°C. The DsRed conidium count was determined with a hemacytometer, and the DsRed conidium suspension was adjusted to the desired concentration by dilution in PBS. The sequence of this peptide is presented in our previous study (17) . c Data are from our previous study (16) .
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Pulmonary challenge. Mice were immunosuppressed and challenged as previously described (22) . Briefly, we injected intraperitoneally 25 mg of cortisone acetate (Sigma-Aldrich) diluted in PBS supplemented with 0.02% Tween 80 (Sigma-Aldrich) on days 0 and 3. Before mice were infected, they were anesthetized with isoflurane (Nicholas Piramal), and 10 7 DsRed conidia in 25 l of PBST were inoculated intranasally on day 0, using a micropipettor. Control nonimmunosuppressed mice received the same conidial suspension. At day 4, an infection readout was carried out on fresh tissue sections isolated from inflated lungs with ). All of the peptides were amidated at their C termini, and one of their amino acids was replaced with the D-enantiomer. Lipopeptides were synthesized by a 9-fluorenylmethoxy carbonyl (Fmoc) solid phase method on Rink methylbenzhydrylamine (MBHA) salt resin, by using a 433A automatic peptide synthesizer unit (Applied Biosystems). Purification was performed by reversed-phase high-performance liquid chromatography (purity, Ͼ98%), and the lipopeptide composition was confirmed by electrospray mass spectroscopy and amino acid analysis.
Antifungal activity. The antifungal activity of lipopeptides was measured according to the conditions described in the National Committee for Clinical Laboratory Standards document M27-A (20a). The peptides were examined in sterile polystyrene 96-well plates (F96 microtest plates; Falcon) in a 200-l volume of solution as follows: 100 l of a suspension containing fungi at a concentration of 2 ϫ 10 3 CFU/ml in culture medium (RPMI 1640 medium and 0.165 M morpholinepropanesulfonic acid [pH 7.4], with L-glutamine, without NaHCO 3 medium) was added to 100 l of PBS containing the peptide in serial twofold dilutions. The fungi were incubated for 24 h for DsRed A. fumigatus (CBS 144.89), using a Binder (Tuttingen) KB115 incubator. Growth inhibition was determined by measuring the absorbance at 620 nm in an El309 microplate autoreader (Biotek Instruments). Antifungal activities are expressed as the MICs, the concentration at which no growth was observed. Three independent serial dilution experiments were done, and the results were similar.
Intratracheal instillation. PBS (25 l) only or PBS containing either lipopeptides or AMB (purity 80%; Sigma-Aldrich) was applied at the indicated doses to the trachea of mice, as previously described, with modifications (11). Briefly, mice were anesthetized using isoflurane (Nicholas Piramal) and placed vertically, and their tongues were pulled out of the way. Using a long nasal tip, liquid was placed at the top of the trachea and actively aspirated by the mouse.
Efficacy experiments. After they were infected, immunosuppressed mice were intratracheally treated every 24 h, from day 0 to day 3, with repeated doses of 4.5 mg/kg of lipopeptide. As controls, mice received no treatment or received AMB at 1 mg/kg (nontoxic dose, as shown in toxicological studies cited below) after infection or received DsRed conidia preincubated with lipopeptides at a dose of 4.5 mg/kg. At day 4, fresh lung tissue was isolated from inflated lungs with PBS containing agarose 1% and cut into sections that were observed using a confocal Axioplan LSM 510 microscope (Zeiss).
Survival analysis. In the first experiment, infected WT mice were intratracheally treated repeatedly every 24 h from day 0 to day 3 or once on day 1 with either lipopeptides at 4.5 mg/kg or with AMB at 1 mg/kg. Mice were followed for morbidity for 14 days postchallenge. In the second experiment, infected WT mice were intratracheally treated repeatedly on days 1, 4, 7, and 11 with lipopeptides at 4.5 mg/kg or with AMB at 1 mg/kg. Mice were followed for morbidity for 21 days postchallenge. As controls, infected immunocompetent and immunosuppressed mice were added to both experiments. Survival rates of the mice were analyzed for all of the treated groups (n ϭ 8 mice per group). Two independent reproducible experiments were done. Lung tissues from each group were collected in the second experiment at the latest survival day along the challenge period. Tissues were fixed in 4% neutral buffered formalin, embedded in paraffin, and cut into 5-m-thick sections. Sections were stained with periodic acid-Schiff (PAS) for fungal detection and examined microscopically (Olympus E800 microscope).
Evaluation of toxicity. Noninfected, immunosuppressed mice (n ϭ 3 per group) received intratracheal PBS or lipopeptides at 4.5 mg/kg or AMB at 1 to 4.5 mg/kg on days 1, 4, 7, and 11. Lung tissues from each group were collected at 24 h after the last drug treatment. Tissues were fixed in 4% neutral buffered formalin, embedded in paraffin, and cut into 5-m-thick sections. Sections were 
RESULTS
In vitro activity of lipopeptides. In our previous study, we reported the MICs of the ultrashort lipopeptides and their lethal activity against representative pathogens including A. fumigatus (ATCC 26430) (16) . Based on these results, we have selected five lipopeptides with efficient antifungal activity (amino acids in italics are the D-enantiomers): C16-KAAK, C16-KLLK, C14-KLLK, C16-KKKK and C12-KLLK. In addition, we included the lipopeptide C12-DL6K6 with a longer peptidic chain (12-amino-acid sequence, C12-LKKLLKKLL KKL) (17) and previously showed antifungal activity. These lipopeptides were assayed against the strain of A. fumigatus used in this study (CBS 144.89). The antifungal agent AMB served as a control. The data shown in Table 1 reveal MICs similar to those obtained previously against the ATCC fungal strain and confirmed the potent antifungal activity of these lipopeptides. C16-KAAK, C16-KLLK, and C14-KLLK have lower MICs than AMB, compared to the MICs of the three other lipopeptides. However, C16-KLLK and C14-KLLK were found to be highly hemolytic in our previous study. Furthermore, they were too hydrophobic for efficient in vivo treatment. Since C16-KAAK has potent antifungal activity along with low hemolytic activity, the in vivo study was conducted with this lipopeptide. In addition, we included C12-DL6K6, which revealed intermediate levels of activity.
In situ imaging of DsRed-labeled A. fumigatus in the lungs of untreated and treated mice. To first visualize, in our aspergillosis murine model, the uptake of DsRed-labeled A. fumigatus conidia by M⌽ and DC in the lungs, we used transgenic Cx3cr1 gfp/ϩ mice that expressed GFP in lung DC (12, 13) . The lung architecture was revealed by confocal microscopic analysis after CMTMR was injected into inflated lungs (Fig. 1A) . GFP-positive DC were located mainly within the lung tissue, whereas autofluorescent M⌽ were observed mostly within alveolar spaces. Four days after immunocompetent Cx3cr1 gfp/ϩ mice were intranasally infected, DsRed conidia were phagocytosed by both M⌽ and DC in the lungs, as shown by confocal microscopy (Fig. 1B) . In immunosuppressed Cx3cr1 gfp/ϩ mice, DsRed hyphal forms started to grow in the lungs (Fig. 1C and  D) to further invade the tissue (Fig. 2E) . When WT mice received four daily doses of C12-DL6K6, the hyphal forms observed on day 4 were partially degraded (Fig. 2B) compared to those observed with nontreated WT mice ( Fig. 2A and C) . Interestingly, the use of C16-KAAK, under the same conditions, provided more efficient degradation of hyphal forms (Fig. 2E ) scattering red fluorescent spores than the use of AMB (Fig. 2D) . Whereas large numbers of developed DsRed hyphal forms could be identified throughout the lungs in untreated control mice (Fig. 2F) , only DsRed conidia phagocytosed mainly by macrophages could be identified in the C16-KAAK-treated WT or Cx3cr1 gfp/ϩ mice ( Fig. 2G and 3A , respectively). Closer examination of tissue at higher magnification revealed few residual fungi spores exclusively colocalized with M⌽ and DC ( Fig. 3B and C) . Furthermore, this infection state was similar to the one obtained when DsRed conidia were incubated with C16-KAAK prior to infection (Fig. 2H) . We therefore continued this study using only the C16-KAAK lipopeptide.
Animal survival. Immunosuppressed WT mice were infected intranasally, and two groups received intratracheal administrations of either C16-KAAK, at a dose of 4.5 mg/kg, or AMB, at a nontoxic dose of 1 mg/kg, for the sequential 4 days' treatment experiment. The other two groups received intratracheal administrations of either C16-KAAK, at a single dose of 4.5 mg/kg, or AMB, at a single dose of 1 mg/kg. As controls, immunocompromised and immunocompetent WT mice were infected without delivering any treatment. As shown by Fig.  4A , the survival rate of the mice treated with C16-KAAK at both doses was markedly increased compared to that of the untreated mice. Furthermore, C16-KAAK was more efficient than AMB. Interestingly, the four sequential treatments with the lipopeptide initiated 1 day after infection improved survival FIG. 4 . Survival of immunocompromised WT mice. In the first survival assay (A), mice were infected intranasally with DsRed A. fumigatus conidia and treated with vehicle control (᭜) or with one dose of C16-KAAK at 4.5 mg/kg day after the infection (OE) or with four doses of C16-KAAK at 4.5 mg/kg every day from the day of the infection (f) or with one dose of AMB at 1 mg/kg day after the infection (F), or with four doses of AMB at 1 mg/kg every day from the day of the infection (Ϫ). Survival was followed over a period of 14 days. In the second survival assay (B), treatments were given on days 1, 4, 7, and 11, and survival was followed over a period of 21 days: vehicle control (᭜), C16-KAAK at 4.5 mg/kg (OE), AMB at 1 mg/kg (F). In both assays, infected immunocompetent mice served as a control (f). Two independent reproducible experiments were done.
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at a rate similar to that of the single treatment on the day postinfection. Moreover, when the four sequential lipopeptide treatments were extended on days 1, 4, 7, and 11, we observed a 25% total recovery, whereas all AMB-treated mice died by day 12 (Fig. 4B) . Histological examination. Lung tissues from each group of the prolonged survival assay were removed on the last day for histological examination by PAS. In immunosuppressed mice, untreated ( Fig. 5A and B) or treated with AMB (Fig. 5C ), large numbers of isolated foci of hyphae and tissue-invasive hyphae could be identified throughout the lungs, with prominent tissue distraction. Interestingly, the lungs of the recovered mice sacrificed on day 21 were almost devoid of fungal contamination. Only residual amounts of damaged A. fumigatus hyphae were identified ( Fig. 5D and E) .
Toxicological studies. To determine the relative toxicity of the C16-KAAK lipopeptide, we compared its effects at a dose of 4.5 mg/kg on the murine lung tissue to that of AMB at doses ranging from 1 mg/kg to 4.5 mg/kg. Noninfected immunosuppressed WT mice received four sequential, extended, intratra- (Fig. 6A ). This type of infiltration was the only effect discernible with C16-KAAK at the indicated dose and for AMB at 1 mg/kg ( Fig. 6C and B, respectively) . However, higher concentrations of AMB resulted in toxic effects such as macrophage infiltration in the airways (Fig. 6D) , vasculitis (Fig. 6E) , edema (Fig. 6F) , airway infiltration of neutrophils, blood vessel formation (Fig. 6G) , and hemorrhages (Fig. 6H) .
DISCUSSION
Numerous strategies to treat IPA infections have been reported, all based on different formulations and applications of AMB and designed to overcome the high toxicity of this antibiotic. Here, we provide direct evidence that ultrashort lipopeptides can specifically damage fungal structures in vivo. Moreover, the C16-KAAK lipopeptide was more efficient against IPA than AMB, at nontoxic doses. Indeed, intratracheal treatment with this lipopeptide provided prolonged survival and a 25% rate of total recovery among infected immunosuppressed mice, with fungal clearance revealed by histology. In addition, no toxic effects associated with the treatment were noticed. The use of AMB at a nontoxic dose of 1 mg/kg was not sufficient to clear fungal structures in infected immunosuppressed mice and consequently resulted in the deaths of 100% of the animals. Higher doses of AMB were not tested in our study due to its toxic effects observed for murine lungs by histology. However, we observed that higher doses of the lipopeptide, up to 10 mg/kg, were tolerated by mice, providing a window for increasing antifungal activity. Moreover, no acute systemic toxicity was observed after an intravenous injection of 10 mg/kg C16-KAAK. As observed for lung sections of C16-KAAK-treated mice, phagocytosed conidia within M⌽ and DC on day 4 could be the origin of further invasive aspergillosis once the treatment is aborted. Therefore, increasing the lipopeptide dose could allow a better targeting of the conidia within mononuclear phagocytes in immunosuppressed mice, in which the clearance mechanism of M⌽ is impaired. Moreover, we are currently testing this lipopeptide by using other fungi to determine the cross-range of killing activity. As reported in our previous study (16) , the attachment of an aliphatic chain to otherwise very short, inert cationic peptides provides lower MICs than many native antimicrobial peptides and specificity toward different cell types. Importantly, most of these ultrashort lipopeptides show low hemolytic levels and several members offered both antibacterial and antifungal activity, as opposed to most known antimicrobial peptides or natural lipopeptides. Furthermore, the incorporation of D-amino acids could give these lipopeptides several advantages compared with their parental lipopeptides which contain all L-amino acids, such as controlled enzymatic degradation. Also, the in vivo prophylactic potential of this lipopeptide remains to be determined. In fact, the few trials that investigated prophylaxis against IA infections prospectively failed to demonstrate a benefit of any strategies, mainly due to toxicity issues (21, 23, 27) . In addition, the goal of developing different formulations of AMB is to improve antifungal activity by increasing the antibiotic dose, which potentially raises the issue of resistance that may not be encountered using ultrashort lipopeptides that are naturally degraded in the body.
Therefore, our results suggest that the use of the C16-KAAK lipopeptide could offer a more efficient treatment of IPA and opportunities toward other antifungal applications.
